A red light-induced, far red reversible stiinolation of proton efflux from apical segments of etiolated Avena sadva L. cv. Victory coleoptiles was observed. The acidification responses to red lght and also to auxin were not the consequence of respired CO2. The Membrane processes may also be important in the mechanism of auxin action. Investigations of the auxin promotion of cell elongation have led to the hypothesis that auxin-induced proton excretion induces the softening of the cell wall required for growth (2, 8, 17, 22) . It is not yet possible to decide among several possible mechanisms for proton action (22): breakage of hydrogen bonds, breakage of covalent bonds, or activation of an enzyme in the cell wall. Jacobs and Ray (10) favor the last possibility for auxin stimulation of pea stem segment growth. Precise correlations between the time of initiation of proton efflux into the cell wall space and the time of initiation of accelerated growth are needed to verify the causal relation between these events. The acidification is unquestionably an early consequence of auxin treatment, and shows strong correlations with growth rate over a range of conditions (3).
Many experiments have provided support for the view that the cell membrane is an important site of phytochrome action. The Albizzia pulvinule exhibits massive ion fluxes (principally K+) triggered by red light and other influences (24) . Jaffe and Thoma (11) described a rapid phytochrome-mediated change in the rate of uptake of 14C-acetate by mung bean root tips. Changes in membrane permeability or pump properties are also suggested by the rapid changes in bioelectric potential measured in intact, irradiated oat shoots (18) . Phytochrome, perhaps only in the Pfr form, may bind to a plasma membrane-like cell fraction (16, 21) , but these results are still controversial (20) . Using artificial lipid membranes to which phytochrome was added, Roux and Yguerabide (23) demonstrated a red light-induced change in conductance.
Membrane processes may also be important in the mechanism of auxin action. Investigations of the auxin promotion of cell elongation have led to the hypothesis that auxin-induced proton excretion induces the softening of the cell wall required for growth (2, 8, 17, 22) . It is not yet possible to decide among several possible mechanisms for proton action (22) : breakage of hydrogen bonds, breakage of covalent bonds, or activation of an enzyme in the cell wall. Jacobs and Ray (10) favor the last possibility for auxin stimulation of pea stem segment growth. Precise correlations between the time of initiation of proton efflux into the cell wall space and the time of initiation of accelerated growth are needed to verify the causal relation between these events. The acidification is unquestionably an early consequence of auxin treatment, and shows strong correlations with growth rate over a range of conditions (3) .
We investigated acidification of the medium by etiolated Avena coleoptile segments as an example of a phytochrome-mediated membrane phenomenon. Also, since both red light and auxin promote elongation of this tissue (1, 9), we sought to determine if these two signals are communicated to the growthlimiting systems by the same mechanism. 
MATERIALS AND METHODS
Seeds of Avena sativa L. cv. Victory were obtained from Allmana Svenska Utsadesaktiebolaget, Svalof, Sweden. Seeds were soaked in aerated distilled H20 for 1.5 hr and then planted in vermiculite (1, 9) . Growth was for approximately 110 hr at 25 C in total darkness. Following excision, the shoots were abraded with emery powder (7) and rinsed in distilled H20. Apical segments 1 cm long (containing the primary leaf) were prepared. This tissue is maximally sensitive to red light promotion of growth (9) , although auxin studies are customarily done with subapical segments (1) . All the segments for one experiment were incubated with gentle stirring in 100 ml of 1 mm Kphosphate buffer (pH 6.2) for 30 min. Then the segments were distributed in lots of 30 into 5-ml beakers containing 3.5 ml of the same buffer. The samples were stirred for 30 min and the initial pH readings were taken. Irradiation for 5 min with red or far red light was performed at this time, and the samples were returned to darkness on the magnetic stirrer. Dark controls were run for each experiment. Generally, pH readings were made 1 hr and 2 hr after the initial reading. Most test substances were added immediately before the initial reading; mannitol, however, was provided at the time of transfer to the small beakers. For substances dissolved in ethanol, corresponding amounts of solvent were added to the controls.
In one set of experiments, CO2 was trapped to determine if acidification was the result of the release of respiratory CO2 (26) . Following the initial pH reading and irradiation, a red light-treated and a dark sample beaker were placed in a jar which held another 5-ml beaker containing 2 ml of 10% (v/v) KOH and a filter paper wick. A similar jar held sample beakers and a beaker with water instead of KOH. Each jar was then capped with a rubber-gasketed lid to provide a gas-tight system. The pH was measured after 2 hr.
All experiments were conducted in a temperature-controlled room (20-22 C) . The magnetic stirrer was covered with a block of Styrofoam to insulate the samples from the motor's heat. All operations were conducted under dim green safelights, and actinic light was obtained from a 300-w projector using the filters described by White and Pike (27) . All biochemicals were obtained from Sigma Chemical Co. The pH measurements were made with a Radiometer PHM 26 meter equipped with a GK2321C semimicroelectrode.
Data are presented as changes in proton concentration of the medium, since pH values cannot be added or subtracted. Since the magnitude of the light-induced changes is quite small, it is important to consider the changes in the corresponding dark controls. In most cases, the data presented have been corrected in this way.
RESULTS
A red light-induced increase in acidification was observed 2 hr after irradiation (Table I) ; the difference between red light and PIKE AND RICHARDSON tion. For convenience, the effect will be described as a proton efflux (3) .
There is no indication of a diminished acidification response when CO2 is trapped. Since the experiment was conducted over a 2-hr period and since the small volume of solution in the sample beakers was stirred, it seems unlikely that this result is due to inefficient trapping of CO2. We conclude that the observed response is not a by-product of a red light-induced stimulation of respiration. One alternative is that red light causes a change in a membrane pumping process.
The IAA-stimulated acidification was found to be unaffected by the trapping of CO2. In contrast, Sloane and Sadava (26) found a marked decrease in the IAA-induced acidification by pea epicotyl segments when the CO2 was trapped. They suggested that the pH drop in pea tissue is not attributable to a direct pumping of protons, although pH lowering at the cell wall by another mechanism could still be the primary event in growth promotion.
Both cycloheximide and CCCP strongly inhibited the red light-induced stimulation of acidification (Table II) . These effects are comparable to those observed for the IAA-stimulated pH drop (2, 22) . The effect of CCCP suggests that the acidification depends on respiratory energy, as would be expected for an active transport system. Cycloheximide is often used as a protein synthesis inhibitor, and Cleland (4) has used cycloheximide data to suggest that the IAA-induced acidification requires continual protein synthesis. However, cycloheximide has a number of side effects, including an inhibition of respiration of dark-treated or submerged coleoptiles (6) . This substance was used here not so much to identify some process as required for the effect as to compare the sensitivities of the phytochrome-and auxin-mediated responses.
The effect of mannitol is quite different from its strong inhibition of the auxin-promoted proton efflux (3) . Mannitol, at concentrations similar to the 0.45 M used here, stimulated the proton efflux in the absence of IAA, so that the acidification was 
Apical Segments
Samples were prepared and red-irradiated as described in the text. Mannitol (0.45 M) was present from the time of transfer of the segments to the 5 ml beakers. CCCP and cycloheximide were added at the time of irradiation. CCCP was dissolved in absolute ethanol, and the final concentration in the test beakers was 3 x 10-6 M4. The control received ethanol to yield the same final concentration as the experimentals. Cycloheximide was added as an aqueous solution to give a final concentration of 100 ig/ml, with water added to the control. The changes in proton concentration of the medium over the 2 hr test period were determined, and the change in the respective dark control substracted from the change in each red-irradiated sample. Msannitxol PHYTOCHROME-CONTROLLED ACIDIFICATION the same with or without IAA (3). Cleland (3) suggested that coleoptiles exhibit a stress-induced proton excretion. In the present work (Table II) , the enhancement of the red lightinduced acidification in the presence of mannitol might represent the combination of the still present red light-induced efflux and the stress-induced efflux. In the dark, mannitol did induce a slight increase in proton efflux compared to buffer controls (data not shown). In the red light-treated samples (ignoring the dark controls for the sake of a comparison to Figure 7 (14) . Although the red light-induced effect is small, these results suggest caution in conducting hormone experiments in the light (22) .
It will be important to analyze IAA-red light interactions in other rapid processes. Satter et al. (25) found that auxin did not alter the phytochrome-regulated nyctinasty and K+ flux in the Albizzia pulvinule, although auxin might be involved in the rhythmic K+ flux and leaflet opening in the dark. Lawson 13), there is clear evidence that segments treated with red light + IAA showed more growth than the combined increments of segments treated separately with red light or IAA.
Certain differences in technique between this work and that of others should be noted. The oat seedlings here did not receive red light treatments during growth (1); this point may be significant. The coleoptiles grew more slowly, so a longer time was required to produce coleoptiles of the desired length; and apical rather than subapical segments were used (1, 9) . The abrasion technique is probably less damaging than peeling the epidermis (2, 22) , although abrasion is possibly less effective in removing the cuticle. Abrasion does lead to a marked increase in the rate of 3HHO movement out of coleoptile segments (19) , and abraded tissue shows some of the same growth responses as peeled tissue (10, 12) .
The magnitude of the red light-induced acidification is much less than that of the auxin-induced acidification. The substantial difference in the lag before the responses were detected could be a consequence of the small size of the response to light. The experiments presented here suggest that there are many similarities between the red light-and auxin-induced processes in oat coleoptiles, but there is at least one difference (the effect of mannitol). The red light-mediated process is, like the auxinmediated process, quite distinct from the fusicoccin-mediated process (4) .
Lurssen (15) has just reported a phytochrome-mediated increase in pH using subapical oat coleoptile segments (the region 5 to 25 mm below the tip) which were not abraded or peeled.
The magnitude of the pH rise was somewhat smaller than that of the pH drop reported here, and the rise was only detected 4 hr after irradiation. Growth of this subapical region is inhibited by red light (13) . Thus, the difference in the direction of the pH change in apical (this paper) and subapical (15) segments may be related to the difference in the direction of their growth responses. By observing gas exchange manometrically, Lurssen (15) concluded that the pH change was not attributable to a red light-induced alteration of respiration. He found that red light reduced the magnitude of the auxin-induced pH drop.
There is evidence from 86Rb+ uptake experiments that coleoptile tissue possesses an energy-dependent K+-H+ carrier (which can transport more H+ than K+) in the membrane (5). We are presently investigating phytochrome control of 86Rb+ uptake to determine what sort of ion transport mechanisms (5) are operating.
